Replication of viral RNA genomes requires the specific interaction between the replicase and the RNA template. Members of the Bromovirus and Cucumovirus genera have a tRNA-like structure at the 3 end of their genomic RNAs that interacts with the replicase and is required for minus-strand synthesis. In Brome mosaic virus (BMV), a stem-loop structure named C (SLC) is present within the tRNA-like region and is required for replicase binding and initiation of RNA synthesis in vitro. We have prepared an enriched replicase fraction from tobacco plants infected with the Fny isolate of Cucumber mosaic virus (Fny-CMV) that will direct synthesis from exogenously added templates. Using this replicase, we demonstrate that the SLC-like structure in Fny-CMV plays a role similar to that of BMV SLC in interacting with the CMV replicase. While the majority of CMV isolates have SLC-like elements similar to that of Fny-CMV, a second group displays sequence or structural features that are distinct but nonetheless recognized by Fny-CMV replicase for RNA synthesis. Both motifs have a 5CA3 dinucleotide that is invariant in the CMV isolates examined, and mutational analysis indicates that these are critical for interaction with the replicase. In the context of the entire tRNA-like element, both CMV SLC-like motifs are recognized by the BMV replicase. However, neither motif can direct synthesis by the BMV replicase in the absence of other tRNA-like elements, indicating that other features of the CMV tRNA can induce promoter recognition by a heterologous replicase.
An essential feature of viral infection is the replication of the viral genome. Many of the plant and animal viruses have plusstrand RNA genomes that, following entry into cells, can readily be translated to provide the proteins required for their replication. In addition, the genomic RNA of these viruses directs the synthesis of a complementary minus strand, which serves as the template for synthesis of multiple copies of genomic and possible subgenomic plus-strand RNA (8) . Brome mosaic virus (BMV) and Cucumber mosaic virus (CMV) are the type members of the Bromovirus and Cucumovirus genera, respectively, in the family Bromoviridae, which belongs to the alpha-like superfamily of viruses (19, 28) . CMV and BMV have a similar genome organization, but CMV has a broader host range and a more severe economic impact (3, 29, 35) . Both viruses have tripartite genomes, designated RNA1, RNA2, and RNA3. RNA1 encodes the putative protein with helicase and RNA-capping activities (5, 27) , while RNA2 encodes the RNA-dependent RNA polymerase (RdRp). RNA3 is dicistronic and encodes the movement protein and the coat protein that is expressed via a subgenomic RNA. In Cucumoviruses but not Bromoviruses, an additional subgenomic RNA, 4a, that corresponds to the 3Ј-proximal portion of RNA2 has also been identified (13, 35) . RNA4a encodes the 2b protein and may be involved in systemic infection, pathogenicity, and suppressing posttranscriptional gene silencing (7, 14, 15, 30) .
Replication of the BMV and CMV genomes requires the replicase that is composed of a complex of virally encoded 1a and 2a proteins and unidentified cellular proteins. The term replicase is used to distinguish the protein complex from the subunit within the replicase that catalyzes the formation of phosphodiester bonds, the RdRp. This distinction is necessary due to the increasing number of publications that focus on recombinant RdRps (for example, see reference 53). Enriched BMV replicase preparations can accurately initiate minusstrand, plus-strand, and subgenomic RNA synthesis (2, 16, 21, 25, 31, 32, 45, 46) . In vitro synthesis of CMV genomic and satellite RNAs has also been reported (23, 38, 51) , but the viral sequences involved in replication have not been biochemically characterized.
The 3Ј ends of BMV plus-strand RNAs have well-conserved sequences and structural features wherein the terminal 135 nucleotides (nt) can form tRNA-like structures (4, 18, 36) . In vitro, the tRNA-like structure is necessary and sufficient to direct the initiation of minus-strand RNA synthesis (10, 31) . A stem-loop named SLC within the BMV tRNA-like structure appears to be an addition to the canonical tRNA structure (18) . BMV SLC is necessary for RNA synthesis and for interacting with the replicase (9, 17) . When an 8-nt sequence containing the 3Ј initiation site (CCA 3Ј) was attached to BMV SLC, the resultant RNA, SLCϩ8, was able to direct RNA synthesis (9) . RNA synthesis requires the 3-nt loop (5ЈAUA3Ј) that was found to be essential for BMV RNA replication in barley protoplasts (9, 17, 26, 40) . Recently a high-resolution structure for BMV SLC was determined by nuclear magnetic resonance spectroscopy (26) . The structure shows a flexible stem with a large internal loop followed by a rigid stem leading to a terminal triloop with the sequence 5ЈAUA3Ј. The flexible internal loop allows efficient RNA synthesis, while the closing base pair in the stem causes the 5Ј-most adenylate in the triloop to be displaced from the loop by interacting with the 3Ј-most adenylate (26) . The protruding 5Ј adenylate has been hypothesized to provide a structure for replicase recognition (26) . Mutating the protruding 5Ј adenylate in the triloop to a guanylate proved fatal for BMV infection in plants (40) and for RNA synthesis in vitro (26) . The middle nucleotide in the triloop was less important in vitro and in vivo (26, 40) .
The 3Ј ends of CMV plus-strand RNAs also form wellconserved tRNA-like structures (Fig. 1A) (11, 33, 41, 42, 43 ). An SLC-like structure (Fig. 1A) is present in the Fny isolate of CMV RNAs at approximately the same position relative to the SLC within the BMV 3Ј end (nt 2137 to 2176) (11) . BMV replicase can recognize and direct synthesis from a chimeric RNA containing the tRNA-like region of Fny-CMV in transfected protoplasts (39) . A deletion of the CMV tRNA-like region abolishes RNA synthesis by the CMV replicase (6). Here we show that the SLC-like structure of Fny-CMV plays a role in minus-strand RNA synthesis in vitro. In addition, a second motif predicted to fold into a stem-pentaloop structure was found in several CMV isolates and can also direct RNA synthesis. Both RNA motifs require two invariant nucleotides, a cytidylate and an adenylate, for directing efficient minusstrand synthesis. The requirements for CMV core promoter recognition are compared with those for the BMV core promoter.
MATERIALS AND METHODS
Preparation of enriched replicases. Preparation of enriched Fny-CMV replicase was adapted from the protocol in Hayes and Buck (23) . Briefly, young leaves of 7-week-old tobacco (Nicotiana tabacum cv. Xanthi, nc) plants were inoculated with Fny-CMV and harvested 4 days postinoculation. One hundred grams of the infected leaves was homogenized at 4°C in 100 ml of buffer C (50 mM Tris-HCl [pH 8.2], 15 mM MgCl 2 , 10 mM dithiothreitol [DTT], 0.1 mM phenylmethylsulfonyl fluoride [PMSF], 40% glycerol). The homogenate was centrifuged at 300 ϫ g for 30 min to remove large plant pieces and cell debris. The supernatant was then centrifuged at 35,000 ϫ g for 30 min to pellet the membrane-containing material. The resulting pellet was resuspended in 20 ml of solubilization buffer (50 mM Tris-HCl [pH 8.2], 15 mM MgCl 2 , 10 mM DTT, 0.1 mM PMSF, 0.75% Triton X-100, 0.5 M KCl, 40% glycerol) and stirred for 1 h at 4°C. It was then centrifuged at 100,000 ϫ g for 1 h, and the resulting supernatant was loaded onto an S400 gel filtration column (4 by 90 cm). The fractions were tested for RNA synthesis using a standard replicase assay. BMV replicase was prepared from infected barley (Hordeum vulgare) leaves as described by Sun et al. (49) . Cowpea chlorotic mottle virus (CCMV) replicase was prepared from infected cowpea (Vigna unguiculata) leaves as described by Adkins and Kao (1) .
Synthesis and purification of RNAs. DNAs corresponding to the 3Ј ends of plus and minus strands of CMV RNA3 were generated by PCR amplification. Pairs of oligonucleotide primers were used, one of which contained a T7 promoter to enable transcription. For cDNA copies containing the subgenomic promoter region, oligonucleotide primers used were complementary to nt 960 to 1198 of Fny-CMV RNA3. Following transcription using T7 RNA polymerase, RNAs were separated by denaturing polyacrylamide gel electrophoresis (PAGE), and the band of correct molecular mass was excised with a razor. The gel was then crushed to elute RNA in a solution containing 0.3 M sodium acetate. RNA concentrations were determined by spectrophotometry and checked for quality by staining with toluidine blue following denaturing PAGE.
RNA synthesis assay. Replicase activity assays were carried out as described by Adkins et al. (2) . Briefly, each assay consisted of a 40-l reaction containing 20 mM sodium glutamate (pH 8. ] xylene cyanol) was added, and the products were denatured by heating at 90°C for 3 min prior to electrophoresis on 5, 12, or 20% acrylamide-7 M urea denaturing gels. Gels were dried and exposed to film at Ϫ80°C, and the amount of label incorporated into newly synthesized RNAs was quantified with a PhosphorImager (Molecular Dynamics). Synthesis from each experiment was normalized to the wild-type control value within each reaction.
RESULTS
Initiation of genomic and subgenomic RNA synthesis by CMV replicase in vitro. To determine the ability of the enriched Fny-CMV replicase preparation to synthesize RNA in vitro, RNAs corresponding to the genomic plus-and minusstrand 3Ј ends of Fny-CMV RNA3 and subgenomic RNA were generated. For minus-strand synthesis, we made a 208-nt RNA, named C F (ϩ)208, which contains the entire tRNA-like region of RNA3. Using the assay conditions described for BMV replicase (49), we observed that C F (ϩ)208 was able to direct minus-strand synthesis efficiently (Fig. 2B, lanes 1 and  2) . To determine whether initiation took place from the canonical CCA 3Ј sequence of the CMV tRNA-like structure (normal initiation nucleotide is underlined), the cytidylates at positions ϩ1 and ϩ2 were both changed to guanylates. While the penultimate cytidylate is expected to be the initiation site (31) , initiation of BMV minus-strand synthesis can take place from the ϩ2 site if the penultimate cytidylate is changed (9) . In CMV this mutation reduced the ability of the template to direct synthesis to near background levels ( indicating that initiation of minus-strand synthesis took place from the CCA initiation site.
To determine whether the enriched Fny-CMV replicase preparation could initiate genomic plus-strand synthesis, we generated a 27-nt RNA named C F (Ϫ)26G that corresponds to the 3Ј end of the CMV RNA3 minus strand. A nontemplated nucleotide at the 3Ј end is required for efficient BMV genomic plus-strand RNA synthesis (46) . The C F (Ϫ)26G RNA also contained a nontemplated guanylate at the 3Ј end and was able to efficiently direct genomic plus-strand synthesis (Fig. 2B , lanes 4 and 5). To determine whether initiation took place from the C at ϩ1, it was mutated to a guanylate. The ability of the resultant RNA to direct genomic plus-strand RNA synthesis was reduced to less than 3% of the wild-type value (Fig. 2B , lane 6).
To determine if the enriched Fny-CMV replicase preparation could direct subgenomic RNA synthesis, a transcript named C F Ϫ223/ϩ15, containing the 223-nt intercistronic region upstream of the ϩ1C initiation site and a 15-nt template, was generated (complementary to nt 960 to 1198 of RNA3). In a separate study, it was demonstrated that the length of the sequence downstream of the ϩ1 initiation site does not significantly affect subgenomic RNA synthesis (M.-H. Chen, M. Roossinck, and C. C. Kao, submitted for publication). C F Ϫ223/ ϩ15 was able to direct subgenomic RNA synthesis, as was revealed by the presence of the expected 15-nt product (Fig.  2B , lanes 7 and 8). A change of the ϩ1C to a guanylate reduced synthesis of the 15-nt product to less than 3% (Fig. 2B , lane 9). The enriched preparation of Fny-CMV replicase was able to initiate RNA synthesis from all of the initiation sites used in CMV replication in vivo. Therefore, this Fny-CMV replicase preparation could be used to further elucidate the features in the RNA that are required for synthesis.
Recognition of the tRNA-like region. Initiation of minusstrand synthesis is the first step in replicating the RNA genome and is the subject of the remainder of this work. As there are extensive similarities between the predicted secondary structures of the BMV and CMV tRNA-like regions at the 3Ј end of the genome, we sought to determine if the Fny-CMV replicase could recognize the tRNA-like region of BMV RNA3 and vice versa. Transcripts 206 or 208 nt in length and corresponding to the 3Ј ends of Fny-CMV and BMV RNA3s were generated and assayed for their ability to direct minus-strand synthesis by the Fny-CMV and BMV replicases. Consistent with the in vivo results of Rao and Grantham (39), the BMV replicase was able to direct minus-strand RNA synthesis from the Fny-CMV RNA3 tRNA-like sequence [C F (ϩ)208] as well as from its own [B(ϩ)206] (Fig. 3, lanes 1 and 2 and 4 and 5) . The Fny-CMV replicase could also use the BMV tRNA-like region to direct RNA synthesis (Fig. 3, lanes 7 and 8) . All of the RNAs synthesized initiated from the canonical CCA3Ј initiation site, since replacing guanylates at the ϩ1 and ϩ2 positions reduced synthesis to less than 3% (Fig. 3 , lanes 3, 6, 9, and 12). These results show that the tRNA-like regions of genomic BMV and Fny-CMV RNAs have common motifs for initiation of minus-strand RNA synthesis.
The Fny-CMV SLC-like structure, henceforth referred to as C-SLC3, is predicted to have a C-G closing base pair and a triloop of the sequence 5ЈAAC3Ј (Fig. 1A) . To determine the effect of mutations in C-SLC3 on RNA synthesis in the context of the entire tRNA-like structure, we generated 208-nt transcripts named C F (ϩ)208 and variants thereof that contained the 3Ј end of Fny-CMV RNA. Changing both the 5Ј adenylates in the triloop to guanylates reduced synthesis to 35 and 29% by the BMV and Fny-CMV replicases, respectively ( ( Fig. 4A, lanes 6 and 7, and Fig. 4B, lanes 6 and 7) . This demonstrates that the 5Ј-most adenylate in C-SLC3 triloop is important for directing efficient synthesis.
To extend this observation, we replaced the 5Ј-most adenylate with a cytidylate and found that RNA synthesis was reduced to 33 and 38% by BMV and Fny-CMV replicases, respectively (Fig. 4A, lanes 8 and 9, and Fig. 4B, lanes 8 and 9) . A triloop of 5ЈCAA3Ј directed 46 and 52% synthesis by the BMV and Fny-CMV replicases, respectively (Fig. 4A, lanes 10  and 11, and Fig. 4B, lanes 10 and 11) . This indicates that the 3Ј cytidylate of the triloop may not be as critical as the 5Ј adenylate in directing RNA synthesis (compare Fig. 4A and B, lanes 8 and 9 and 10 and 11). To determine the effect of the C-G closing base pair in C-SLC3 on the ability to direct RNA synthesis, the C-G was mutated to an A-U. This substitution reduced RNA synthesis to less than 25% by the BMV and Fny-CMV replicases (Fig. 4A, lanes 12 and 13, and Fig. 4B,  lanes 12 and 13) . These results indicate that the 5Ј adenylate in the triloop and either the formation of the closing base pair or the nucleotides comprising the base pair are important for efficient minus-strand RNA synthesis in vitro in the context of the entire tRNA-like structure.
Interaction of BMV and CMV replicases with minimal SLC. We wanted to determine if SLC is necessary and sufficient to direct RNA synthesis in the absence of the other tRNAlike elements. BMV SLdelϩ8, henceforth referred to as B-SLdelϩ8 (Fig. 1B) , and derivatives had previously been characterized for the ability to direct efficient RNA synthesis by the BMV replicase (26) (Fig. 5A, lane 1) . B-SLdelϩ8 efficiently directed synthesis by the Fny-CMV replicase (Fig. 5A,  lane 7) . Initiation of synthesis takes place from the canonical CCA3Ј initiation site, as evidenced when a change of the ϩ1 and ϩ2 cytidylates to guanylates reduced synthesis to near background levels (Fig. 5A, lanes 2 and 8) . Changing the 5Ј-most adenylate of the triloop from 5ЈAUA3Ј to 5ЈGUA3Ј reduced synthesis to 25 and 8% by the BMV and Fny-CMV replicases, respectively (Fig. 5A, lanes 3 and 9) . Changing the triloop to 5ЈGAA3Ј reduced synthesis to less than 6% by both replicases (Fig. 5A, lanes 4 and 10) . Removal of the C6 amino moiety from the 5Ј adenylate by substitution with an inosine reduced synthesis to less than 10% by both replicases (Fig. 5A,  lanes 5 and 11) . Consistent with the previous report of Kim et al. (26) , removal of all the exocyclic groups from adenine by a substitution with a purine directed 46% synthesis by the BMV replicase, higher than that observed with guanine or inosine at this position (Fig. 5A, lanes 3 to 6) . Kim et al. (26) postulated that a C6 keto group at this position could produce electrostatic repulsion of the adenine from the loop, whereas a purine without any exocyclic group would be less disruptive of these bonding interactions. A purine at the 5Ј-most position in the triloop did not restore RNA synthesis by the Fny-CMV repli- case nearly as much (Fig. 5A, lane 12) , suggesting that the two replicases have altered requirements for the exocyclic groups of adenine. Similar assays were also carried out with B-SLdelϩ8 and CCMV replicase, another member of the Bromovirus genus, and the results were identical to those with the BMV replicase (K. Sivakumaran and C. C. Kao, unpublished data). Taken together, these results clearly show that the 5Ј-most adenylate in the BMV SLC triloop (B-SLC) plays a critical role in directing efficient RNA synthesis. These results are consistent with BMV replication requirements in vivo (40) and with the idea that the BMV replicase can replicate a chimeric RNA containing the tRNA-like sequence of CMV RNA3 in transfected protoplasts (39) .
Next we wanted to determine if C-SLC3 is recognized by the BMV and Fny-CMV replicases in a similar manner. C-SLC3delϩ6 is a derivative of C-SLC3 that lacks 7 nt at the 5Ј end and has the addition of a 6-nt sequence containing the initiation site (CCA3Ј) attached to the 3Ј end (Fig. 1B) . C-SLC3delϩ6 is able to direct efficient synthesis by the Fny-CMV replicase, resulting in a 36-nt product (Fig. 5B, lanes 1  and 2) . Initiation of synthesis takes place from the canonical CCA3Ј initiation site, since mutating the ϩ1 and ϩ2 cytidylates to guanylates reduced synthesis to near background levels (Fig.  5B, lane 3) . Changing the triloop from 5ЈAAC3Ј to 5ЈGAC3Ј resulted in 2% synthesis (Fig. 5B, lanes 4 and 5) . Changing the closing C-G base pair to G-C reduced synthesis to 7% (Fig. 5B,  lanes 6 and 7) , indicating that the 5Ј-most adenylate and the closing base pair are critical for synthesis. Unlike B-SLdelϩ8, C-SLC3delϩ6 and its derivatives were not efficiently recognized by BMV replicase (Fig. 5B, lanes 8 to 14) , indicating that BMV replicase may require additional motifs that are lacking in C-SLC3delϩ6.
SLC-like sequence in CMV isolates within subgroup I. Unlike BMV, of which only a limited number of isolates have been identified, many CMV isolates have been identified and sequenced. Based on serological evidence and nucleic acid hybridization, these isolates have been categorized into two subgroups, designated I and II (34) . Phylogenetic analysis of the 5Ј untranslated region as well as the coat protein open reading frame of CMV isolates suggests that subgroup I could be divided further into subgroups IA and IB (44) . A compilation of the sequence encompassing the SLC-like region of 30 different subgroup I isolates revealed two general patterns ( Fig. 6A and Table 1 ). Twenty-four of the 30 isolates examined have well-conserved sequences that could form a stem-loop structure identical to that of Fny ( Fig. 6A and B) , with the predominant triloop and closing base pair being identical to that of Fny. The 5Ј-most adenylate in the triloop and the C-G closing base pair are invariant in all CMV group I isolates (Fig.  6A) . Two isolates have a cytidylate as the middle nucleotide of the triloop, while most have an adenylate. The 3Ј nucleotide in the triloop showed more variability, with isolates having a cytidylate, a uridylate, or a guanylate at this position (Fig. 6A) . In addition, a 4-to 5-nt pyrimidine-rich internal bulge is present within the SLC-like structure in all the isolates examined ( Fig. 1A and 6A ).
An SLC motif different than the one in Fny-CMV was observed in six isolates. Based on the mfold program (24), the predicted structure for these isolates is a stem region with an internal bulge followed by a rigid stem with a 5ЈCAAGA3Ј pentaloop (Fig. 6B) . This motif is invariant in six isolates (Fig.  6A ). In addition, these isolates have a pyrimidine-rich bulge (Fig. 6A) . To distinguish this stem-pentaloop structure from the stem-triloop (C-SLC3), this second motif will henceforth be referred to as C-SLC5.
To determine if C-SLC5 has a distinct conformation compared to C-SLC3, 17-nt transcripts corresponding to the lower stem-loop region of Fny and Ix isolates were made for carrying out nondenaturing and denaturing gel analysis. The RNAs from Fny and Ix RNAs comigrated in a denaturing gel (Fig.  6C, lanes 4 and 5) , as expected. However, in a nondenaturing gel, the Ix RNA migrates more slowly than the RNA of Fny (Fig. 6C, lanes 2 and 3) , suggesting that the two RNAs exist in different RNA conformations. It should be noted that some isolates of both subgroups 1A and 1B have the C-SLC5 structure. Furthermore, some CMV strains, such as NT9, contain both motifs in different RNAs. Table 1 . The different isolates analyzed are indicated on the left side of the figure. Isolates having a stem region followed by a triloop are shown in the C-SLC3-like group. Isolates having a stem region followed by a pentaloop are shown in the C-SLC5-like group. The invariant CA dinucleotide is shown in bold. The sequences of the putative internal bulge are shown under the bracket. (B) Schematic depicting the lower portion of the predicted structure of C-SLC3 and C-SLC5. The invariant CA dinucleotide is indicated in bold. The predicted structure was generated using the mfold program (24) . (C) Nondenaturing and denaturing gel analyses of C-SLC3 and C-SLC5 RNAs. The RNAs contained a 17-nt region corresponding to the lower stem-loop region of C-SLC3 and C-SLC5. The RNAs for nondenaturing gel analysis were heated to 90°C for 2 min, cooled on ice, and electrophoresed through a nondenaturing 20% polyacrylamide gel. The RNAs are SL13, a 13-nt stem with a triloop (lane 1), C-SLC3 (lane 2), and C-SLC5 (lane 3). For denaturing gel analysis, the RNAs were analyzed on a denaturing 20% polyacrylamide gel. The RNAs are C-SLC3 (lane 4) and C-SLC5 (lane 5).
Recognition of the C-SLC5 structure by Fny-CMV replicase.
To determine if the Fny-CMV and BMV replicases recognize the C-SLC5 structure, we made a 208-nt transcript termed C I (ϩ)208 that corresponds to the 3Ј end of the Ixora isolate (Ix in Fig. 6 ) and carried out standard replicase assays. C I (ϩ)208 RNA is able to direct synthesis by the Fny-CMV replicase (Fig.  7A, lanes 3 and 4) , but at 57% of the level of C F (ϩ)208. C I (ϩ)208 RNA is also recognized by BMV replicase to direct synthesis at approximately 50% compared to C F (ϩ)208 (Fig.  7A, lanes 9 and 10 and 11 and 12 ). To determine if the SLClike loop of C I (ϩ)208 plays a role in RNA synthesis, we mutated the sequence containing the pentaloop from 5ЈCAAGA UG3Ј to 5ЈCGGGAUG3Ј and to 5ЈAAAGAUU3Ј (mutated nucleotides are underlined). These changes reduced synthesis to 29 and 16% compared to C I (ϩ)208 (Fig. 7A, lanes 5 to 8) . We observed similar results in the presence of BMV replicase, where changing the stem-loop sequence from 5ЈCAAGAUG3Ј to 5ЈCGGAUG3Ј or 5ЈAAAGAUU3Ј reduced synthesis to 42 and 43%, respectively (Fig. 7A, lanes 13 and 14 and 15 and 16 ). Taken together, the results indicate that although the loop sequence is changed relative to that in B-SLC and C-SLC3, C-SLC5 is still recognized by BMV and Fny-CMV replicases through the nucleotides within the loop.
Next we wanted to determine if the C-SLC5 elements are sufficient to initiate RNA synthesis in the absence of other tRNA-like elements. Transcripts analogous to C-SLC3delϩ6, termed C-SLC5delϩ6, which lacked a 5Ј 7-nt region and had a 6-nt sequence containing the initiation site (CCA3Ј) attached to the 3Ј end (Fig. 1B) , were generated and tested. C-SLC5delϩ6 is efficiently recognized by Fny-CMV replicase, resulting in a 36-nt product (Fig. 7B, lanes 1 and 2) . Initiation of synthesis takes place from the canonical CCA3Ј initiation site, since mutating the ϩ1 and ϩ2 cytidylates to guanylates reduced synthesis to 3% (Fig. 7B, lane 3) . To examine the role of the conserved CA dinucleotide, the conserved A was changed to a guanylate, and the resultant RNA directed synthesis at 4% relative to the wild-type control (Fig. 7B, lanes 4  and 5) . Changing the conserved C to a guanylate reduced synthesis to 6% (Fig. 7B, lanes 6 and 7) . The conserved CA dinucleotide is required even when the structure of the loop is altered. Like C-SLC3delϩ6, C-SLC5delϩ6 and its derivatives are not efficiently recognized by BMV replicase (Fig. 7B, lanes  8 to 14) , indicating that BMV replicase may require additional motifs that are missing in both RNAs.
DISCUSSION
The interactions of the BMV and CMV replicases with their homologous and heterologous core promoters for minusstrand RNA initiation were compared. A CMV replicase enriched from Fny-CMV-infected tobacco was demonstrated to initiate RNA synthesis correctly from all three classes of CMV promoters. The initiation of Fny-CMV minus-strand RNA required nucleotides within the equivalent of the BMV SLC structure. The Fny-CMV C-SLC3 resembles B-SLC in that both have a closing C-G base pair and a 5Ј-most adenylate in the triloop. RNA synthesis from C-SLC3 depends on the 5Ј-most adenylate of the CMV SLC triloop and either the C-G closing base pair or the nucleotides of this base pair. In addition to the C-SLC3 motif, alignment of the sequences of 30 CMV group I isolates revealed the existence of an alternative SLC motif with a putative 5-nt loop (C-SLC5). Both C-SLC3 and C-SLC5 were recognized by the Fny-CMV replicase in the context of the 208-nt tRNA-like structure and in minimal versions of C-SLC3 and C-SLC5. Recognition required the highly conserved cytidylate (formerly in the C-G closing base pair) and adenylate in the loop. The BMV replicase was also able to synthesize RNA from both CMV SLC motifs in the context of the whole tRNA-like structure, and it required the same CA dinucleotide. However, the BMV replicase could not synthesize RNA from the minimal CMV RNA-derived SLC motifs. These studies reveal commonalties and differences in the mechanism of minus-strand RNA synthesis by two closely related plus-strand RNA viruses.
Core promoter recognition by the BMV and CMV replicases. The ability of the CMV tRNA-like element to direct RNA synthesis by the BMV replicase is expected. Rao and Grantham (39) demonstrated that a chimeric BMV RNA3 that contains the 3Ј 300-nt RNA of Fny-CMV could replicate in barley protoplasts cotransfected with BMV RNA1 and RNA2. As an extension of the in vivo results, we observed that the Fny-CMV replicase could synthesize RNA from the BMV tRNAlike structure (Fig. 3) using the nucleotides within B-SLC that were important for recognition by the BMV replicase ( Fig. 4A  and B ). These results demonstrate that the same stem-loop within the respective BMV and CMV tRNA-like regions comprises the minimal core promoter for minus-strand RNA synthesis.
While much similarity exists in minus-strand RNA synthesis by the BMV and CMV replicases, our results suggest that different features presented by the SLC are recognized by the two replicases. First, substitution at the 5Ј position of the loop with a purine lacking exocyclic moieties restored RNA synthesis to 46% of that with B-SLdelϩ8 by the BMV replicase, while synthesis was only restored to 14% with the CMV replicase. This indicates that a different pattern of bond interactions takes place between the respective replicases and the conserved adenine in the loop. Second, the 5Ј-most adenylate recognized by both replicases likely exists in different conformations in B-SLC and C-SLC. For B-SLC, the 5Ј-most adenylate is displaced into the solution due to the purine-purine stacking of the 3Ј adenine and the guanine of the C-G closing base pair (26) . A network of H-bonds stabilizes the displaced adenylate (26) . In C-SLC3, a 5ЈAAC3Ј triloop should have weakened stacking interaction with the closing base pair. Furthermore, C-SLC5 should be in a different conformation in comparison to B-SLC since the closing C-G base pair is absent altogether and both of the conserved CA dinucleotides are in the loop (Fig. 8) . It is possible that CMV replicase recognizes the conserved CA dinucleotide in a base-specific manner, while the BMV replicase normally requires the proper presentation of the 5Ј-most adenine.
The BMV replicase was able to use the tRNA-like structures containing C-SLC3 and C-SLC5 for RNA synthesis, but it could not use just the minimal SLC elements. This suggests that features other than SLC within the tRNA-like structure can induce the recognition of a nonhomologous SLC element. Also, for both the BMV and CMV replicases, the presence of the entire tRNA-like structure decreased the effects of the mutations observed in the minimal SLC element. There are several precedents for upstream elements contributing to the recognition of the core promoter in transcription in RNA viruses, including results from BMV. Ahlquist and colleagues demonstrated that the BMV replicase assembles in the intercistronic sequence of RNA3 (37, 47) , and Chapman et al. (10) reported that the BMV RNA sequence 5Ј of the tRNA-like sequence can partially suppress a mutation in the initiation site. The ability of the minimal BMV SLC to interact with the BMV replicase was reduced fourfold relative to the entire tRNA-like sequence (9) . Hence, the additional sequences in the tRNA-like structure are expected to influence RNA synthesis, possibly by stabilizing replicase binding.
Recognition of C-SLC5. Since C-SLC3 and C-SLC5 have different conformations based on nondenaturing gel electrophoresis, and since both are recognized by the CMV replicase, replicase-promoter recognition likely takes place by an induced-fit mechanism whereby the replicase and/or the RNA undergoes conformational changes after the initial interaction (20) . Interaction of the BMV replicase with the CMV core elements in the CMV tRNA-like structure also likely takes place by an induced-fit mechanism. Results consistent with an induced-fit hypothesis were reported for the subgenomic promoter of BMV and CCMV (1, 47) , and also for the CMV subgenomic promoter (Chen et al., submitted).
Specificity in CMV minus-strand RNA synthesis. Despite the ability of the replicase to adjust to different features in the RNA, we emphasize that highly specific signals are likely required. Such signals are also found in the SLC-like structure of a group II CMV strain, even though the SLC-like loop of the Q-strain is predicted to have six nucleotides (Fig. 8) . CMV satellite RNAs are replicated efficiently by the CMV replicase (50) . An initial examination of the portion of D satellite RNA previously claimed to mimic the tRNA-like structure (50) did not reveal obvious motifs in common with the minimal SLClike structures we found to be functional in vitro (Sivakumaran and Kao, unpublished) . Experimental examination of the minimal satellite RNA signals required for RNA synthesis by the CMV replicase in vitro is under way.
It is quite possible that the CMV replicase can recognize more diverse SLC-like structures in vivo, in the context of other cis-acting elements, than what has been observed in vitro. Although in vitro studies showed a dramatic difference in the generation of RNA products from minimal plus-stranded promoters (46), preliminary results from protoplast transfections showed that CMV and BMV replicases could recognize heterologous genomic plus-strand RNA promoters (Y. Bao and M. J. Roossinck, unpublished results). It is possible that the RNA templates in vivo could associate with host factors such as RNA chaperones that affect RNA structure. The ability of CMV replicase to recognize C F (ϩ)208 variants in vivo is being tested. FIG. 8 . Schematic illustrating the common features present in SLC of BMV and CMV subgroup I and II RNAs. The RNAs have a short stem region with an internal bulge, followed by a rigid stem-loop region. The conserved CA dinucleotide in CMV subgroups I and II is indicated in bold. B-SLC, C-SLC3, C-SLC5, and Q-SLC were generated using the mfold program (24) .
